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Abstract 

Birnessite  type  manganese  dioxides  containing  a  small  amount  of  vanadium  were  synthesized  by  oxidizing  manganese  nitrate  with  vanadium 
xerogel  and  hydrogen  peroxide  in  a  basic  solution.  When  the  nominal  manganese/vanadium  molar  ratio  was  between  0.25  and  1,  the  resulting 
samples  possessed  birnessite  type  structure  with  irregular  stacking  of  manganese  dioxide  layers,  otherwise  the  products  became  amorphous.  The 
obtained  birnessite  type  manganese  dioxides  had  a  characteristic  sponge-like  and  open-network  microstructure  composed  of  interconnected 
bent  layer  and  the  particle  size  was  very  small,  less  than  1  pm.  The  discharge  capacity  at  the  second  cycle  became  maxima  and  reached 
250mAhg~1  for  the  sample  prepared  with  the  nominal  Mn/V  ratio  of  1  and  the  cycling  property  was  relatively  good.  The  increase  of 
utilization  of  active  material  due  to  the  increase  of  electrical  conductivity  as  the  result  of  introduction  of  vanadium  and/or  the  characteristic 
micro  structure  would  lead  the  high  discharge  capacity.  The  irregular  stacking  of  manganese  oxide  layers  would  be  responsible  for  the  relatively 
good  cycling  behavior. 

©  2005  Published  by  Elsevier  B.Y. 
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1.  Introduction 

Birnessite  type  manganese  dioxide  is  one  of  the  interest¬ 
ing  cathode  active  materials  of  lithium  rechargeable  batteries. 
It  has  been  reported  that  birnessite  has  a  large  discharge  ca¬ 
pacity  in  the  3  V  region;  however,  the  cycling  performance 
was  inadequate  because  of  the  conversion  of  layered  struc¬ 
ture  to  the  more  stable  spinel  during  electrochemical  inser¬ 
tion/extraction  of  lithium  ions  [1-3].  Recently,  the  cycling 
performance  of  birnessite  was  improved  by  stabilizing  the 
layer  structure  using  bismuth  [2],  vanadate  [4]  or  magnesium 
[5]  ions  as  pillar  and  by  partially  substituting  manganese  in 
the  layer  of  sodium  birnessite  by  cobalt  [6].  The  incorpo¬ 
ration  of  cobalt  into  the  layer  of  birnessite  by  substituting 
manganese  not  only  stabilizes  the  layer  structure  but  also  in¬ 
crease  the  conductivity  of  birnessite  [7],  probably  leading  the 
increase  of  utilization  of  active  material.  Composite  electrode 
with  carbon  black  obtained  by  coprecipitation  technique  also 
enhanced  the  utilization  of  active  material  [8].  Very  recently, 
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Wang  et  al.  reported  that  cycling  performance  was  improved 
for  the  disordered  birnessite  prepared  from  exfoliated  MnC>2 
nanosheets  [9].  They  suggested  that  the  irregular  layer-to- 
layer  registry  might  provide  a  high-energy  barrier  against 
phase  conversion  toward  spinel  structure. 

Preparation  of  the  birnessite  type  manganese  oxide  has 
been  performed  in  several  ways,  including  a  simple  redox 
sol-gel  reaction  starting  from  permanganate  [10],  calcina¬ 
tion  [11]  and  hydrothermal  reaction  [12]  of  permanganate 
and  oxidation  of  manganese  nitrate  by  hydrogen  peroxide  or 
manganese  hydroxide,  oxygen  [7,13,14],  chlorine  [13]  and 
permanganate  [3]  in  an  alkaline  solutions. 

In  this  study,  birnessite  type  manganese  oxide  containing  a 
small  amount  of  vanadium  was  prepared  by  using  vanadium 
xerogel  and  hydrogen  peroxide  as  oxidizing  reagents  in  a 
basic  solution,  and  the  cathode  properties  of  the  obtained 
samples  were  investigated. 

2.  Experimental 

Birnessite  type  manganese  oxide  was  prepared  based 
on  the  method  employed  for  the  synthesis  of  manganese 
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oxide/graphite  oxide  nanocomposite  which  was  reported 
by  Yang  et  al.  [15]  except  the  use  of  vanadium  xerogel  in 
stead  of  graphite  oxide.  Vanadium  xerogel  was  prepared 
according  to  the  report  by  Lemerle  et  al.  [16].  Polyvanadic 
acid  was  prepared  by  the  spontaneous  polymerization  of 
decavanadic  acid,  which  was  obtained  by  dropping  aqueous 
solution  of  sodium  metavanadate  on  an  ion  exchange 
resin  (DOWEX  50W-X2,  50-100  mesh,  H-form)  bed.  The 
resulting  solution  was  allowed  to  stand  until  the  solvent 
evaporated  at  room  temperature  and  vanadium  xerogel  was 
formed.  The  yellow  aqueous  solution  of  lithium  hydroxide 
(0.15  M,  4  ml)  containing  vanadium  xerogel  (100  mg)  was 
mixed  with  hydrogen  peroxide  (30%,  21ml),  manganese 
nitrate  aqueous  solution  (0.3  M,  0.95-7.6  ml;  nominal  Mn/V 
ratio  of  0.25-2),  lithium  hydroxide  solution  (0.5  M,  6.4  ml) 
and  then  hydrogen  peroxide  (30%,  6  ml).  The  dark  brown 
precipitate  was  centrifuged,  filtrated,  washed  with  water  and 
then  dried  at  60  °C.  The  obtained  samples  were  analyzed  by 
X-ray  diffraction  (Rigaku  Rint-2100),  FT-IR  (Nicolet  Avatar 
360),  SEM  (JEOL  JSM-5600),  TG/DTA  (Shimadzu  TG50) 
measurements  and  elemental  analysis  by  X-ray  fluorescence 
measurement  (Seiko  Instruments,  SEA  2001).  TG/DTA 
measurement  was  carried  out  between  room  temperature 
and  500  °C  with  a  temperature  increase  rate  of  10  °C  min-1 . 
The  mean  oxidation  number  of  the  samples  was  determined 
with  iodemetric  titration  method.  For  electrochemical  study, 
the  samples  were  mixed  with  conducting  acetylene  black 
and  PVdF  as  binder  (70:20: 10,  w/w/w)  and  then  sandwiched 
by  Ni  mesh.  This  was  pressed  at  500  kg  cm-2  under  vacuum 
and  dried  at  120  °C  overnight.  Pure  lithium  metal  was 
counter  and  reference  electrode.  A  propylene  carbonate 
containing  1  M  of  LiCICU  (Kishida  Chemical)  was  used  as 
an  electrolyte  solution.  Charge-discharge  measurement  was 
performed  at  a  C/24  rate  between  2  and  4  V  versus  Li/Li+ 
under  Ar  atmosphere.  Both  charge  and  discharge  started  just 
after  the  potential  reached  cut-off  voltage. 


3.  Results  and  discussion 

3.1.  Preparation  of  birnessite  type  manganese  dioxides 

Fig.  1  shows  the  X-ray  diffraction  patterns  of  the  obtained 
samples  with  various  nominal  manganese  nitrate/vanadium 
xerogel  ratios.  A  broad  diffraction  peak  at  20=  11.8°  was 
observed  for  the  samples  with  Mn/V  ratio  of  less  than  1, 
while  no  diffraction  peak  was  observed  for  the  samples  with 
Mn/V  ratio  larger  than  l.The  d-spacing  calculated  from  this 
peak  was  0.75  nm  which  was  much  smaller  than  the  inter¬ 
layer  spacing  of  vanadium  xerogel  (1.17  nm)  and  dehydrated 
vanadium  xerogel  (0.88  nm)  [17]  and  was  similar  to  that  of 
hydrated  birnessite  type  manganese  oxide  (0.71  nm).  X-ray 
fluorescence  measurement  indicated  that  the  vanadium  con¬ 
tents  were  less  than  8%  of  that  of  manganese  for  the  samples 
with  Mn/V  ratios  less  than  1.  Fig.  2  shows  the  IR  spectra 
of  vanadium  xerogel  and  the  sample  with  various  Mn/V  ra- 
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Fig.  1 .  X-ray  diffraction  patterns  of  manganese  oxides  prepared  with  various 
Mn/V  ratios:  (A)  0.25,  (B)  0.5,  (C)  0.75,  (D)  1,  (E)  1.5  and  (F)  2. 
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Fig.  2.  IR  spectra  of  vanadium  xerogel  (A)  and  manganese  oxide  prepared 
with  various  Mn/V  ratios:  (B)  0.25,  (C)  0.5,  (D)  0.75,  (E)  1,  (F)  1.5  and  (G) 
2. 

tios.  The  absorption  peaks  at  1010  and  750  cm-1  due  to  V=0 
and  terminal  V-0  disappeared  and  a  broad  peak  at  540  cm-1 
was  observed,  which  could  be  due  to  lattice  vibration  of  man¬ 
ganese  oxide  [10].  These  suggest  that  the  obtained  samples 
were  mainly  consisting  of  manganese  oxide,  probably  with  a 
birnessite  type  structure. 

Fig.  3  shows  the  X-ray  diffraction  patterns  of  the  samples 
prepared  without  hydrogen  peroxide  or  vanadium  xerogel 
with  a  nominal  Mn/V  ratio  of  1 .  In  the  absence  of  hydrogen 
peroxide,  the  vanadium/manganese  ratio  in  the  sample  deter¬ 
mined  by  X-ray  fluorescence  measurement  was  1.6,  which 
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Fig.  3 .  X-ray  diffraction  patterns  of  the  products  prepared  without  (A)  hydro¬ 
gen  peroxide  and  (B)  vanadium  xerogel,  together  with  that  of  (C)  manganese 
oxide  prepared  with  nominal  Mn/V  ratio  of  1 . 
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Fig.  4.  SEM  image  of  manganese  oxide  prepared  with  nominal  Mn/V  ratio 
of  1. 

was  much  higher  than  that  observed  for  the  sample  obtained 
in  the  presence  of  hydrogen  peroxide  and  a  lot  of  peaks  which 
were  not  attributed  to  known  manganese  oxides  or  vanadium 
oxides  were  observed  (Fig.  3(B)).  This  would  be  because  the 
reduced  form  of  vanadium  xerogel  as  the  result  of  oxidation 
of  manganese  nitrate  precipitated  together  with  the  oxidized 
manganese,  providing  a  complicated  product.  However,  in 
the  presence  of  hydrogen  peroxide,  the  reduced  form  of  vana¬ 
dium  xerogel  would  be  readily  reoxidized  before  precipita¬ 
tion,  forming  water  soluble  vanadium  xerogel  again  and  this 
was  removed  from  the  sample  during  washing  it  with  water. 
On  the  other  hand,  in  the  absence  of  vanadium  xerogel,  as 
shown  in  Fig.  3(A),  two  diffraction  peaks  at  20  =  23.5°  and 
26.5°,  instead  of  11.8°  were  observed,  which  indicates  that 
the  product  does  not  possess  layered  structure.  This  suggests 
that  in  order  to  construct  the  layer  structure  of  manganese 
oxide,  layered  vanadium  xerogel  is  inevitable  in  the  present 
system. 

Fig.  4  shows  the  SEM  image  of  the  sample  with  Mn/V  ra¬ 
tio  of  1 .  The  particle  size  was  very  small  (less  than  1  ptm)  and 
these  had  a  characteristic  sponge-like  and  open-network  mi¬ 
crostructure  composed  of  interconnected  bent  layers,  which 
was  similar  to  that  of  vanadium  oxide  reported  by  Torardi  et 
al.  [18].  The  manganese  oxide  nanosheets  formed  on  vana¬ 
dium  xerogel  would  be  interconnected  during  oxidation  pro¬ 
cess  and  these  nanosheets  were  stacked  irregularly,  providing 
the  above  unique  morphology.  In  an  X-ray  diffraction  pattern 
of  the  sample  prepared  with  a  nominal  Mn/V  ratio  of  1 ,  broad 
(10)  and  (11)  bands  at  20  =  36.7°  and  65.8°  were  observed, 
respectively,  and  general  ( h  k  /)  diffraction  was  absent,  which 
indicates  poor  sheet- stacking  sequence  [9,19]. 

The  samples  showed  a  monotonic  weight  loss  up  to 
200  °C,  which  would  be  due  to  desorption  of  surface  water 
and  removal  of  interlayer  water.  The  loss  due  to  water  was 
10-14%,  which  was  rather  high  when  compared  with,  those 
observed  for  birnessites  [11]  and  comparable  to  Mg-  or  Zn- 
birnessites  reported  by  Aronson  et  al.  [2,5,1 1].  Table  1  shows 
the  content  of  water,  together  with  mean  oxidation  number 
and  vanadium/manganese  ratio.  Mean  oxidation  number  was 


Table  1 

Mn/V  ratio,  content  of  lattice  water  and  mean  oxidation  number  of  man¬ 
ganese  oxide  with  various  nominal  Mn/V  ratios 


Nominal 

Mn/V  ratio 

Mn/V 

ratio 

Content  of  lattice 
water  (%) 

Mean  oxidation 

number3 

0.25 

0.03 

14.4 

4.01 

0.5 

0.03 

14.1 

3.92 

0.75 

0.03 

13.3 

3.80 

1.0 

0.05 

12.3 

3.70 

1.25 

0.08 

14.4 

3.88 

2.0 

0.32 

10.7 

— 

a  Mean  oxidation  number  was  determined  based  on  iodmetric  titration, 
assuming  that  the  samples  contain  only  manganese. 


calculated  assuming  that  the  samples  contained  only  man¬ 
ganese.  It  was  almost  four  especially  for  the  samples  with 
low  nominal  Mn/V  ratios,  probably  because  of  the  contri¬ 
bution  of  residual  vanadium  xerogel  with  a  high  valence  of 
vanadium.  As  the  nominal  Mn/V  ratio  increases,  vanadium 
with  lower  valences  formed,  as  the  result  of  oxidation  of  Mn2+ 
ion  would  be  included  into  the  product,  reducing  the  mean 
oxidation  number  of  the  sample. 

3.2.  Charge-discharge  properties  of  birnes site  type 
manganese  dioxides 

Fig.  5  shows  the  charge-discharge  curves  of  the  sample 
prepared  with  nominal  Mn/V  ratio  of  1.  It  showed  a  large 
capacity  around  2.7  V,  which  is  typical  for  birnes  site  type 
manganese  oxide  and  the  first  and  second  discharge  capac¬ 
ity  reached  239  and  252mAhg_1,  respectively.  These  val¬ 
ues  were  higher  than  or  comparable  to  those  reported  for 
birnessite  type  manganese  oxides  modified  by  Mg2+  [5]  or 
Co  [6].  The  discharge  capacity  at  the  10th  cycle  was  still 
199  mAh  g-1,  indicating  relatively  good  cycling  behavior. 

Tsuda  et  al.  prepared  birnessite  type  manganese  oxide  par¬ 
tially  substituted  cobalt  and  observed  the  considerable  in¬ 
crease  of  discharge  capacity,  though  the  doped  cobalt  was 
electrochemically  inactive.  They  also  suggested  that  the  in¬ 
crease  of  electrical  conductivity  would  increase  the  utiliza¬ 
tion  of  active  material.  Additives  such  as  carbon  black  [8]  or 
Nafion  [20]  to  birnessite  improved  cyclability  and  increased 
the  utilization  of  active  material  even  at  a  high  rate  because 
of  the  enhanced  electrical  or  ionic  conductivity.  The  effect  of 


Fig.  5.  Charge-discharge  curves  of  manganese  oxide  prepared  with  nominal 
Mn/V  ratio  of  1 . 
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Fig.  6.  Relationship  between  second  discharge  capacity  and  nominal  Mn/V 
ratios. 

vanadium  in  the  present  sample  is  not  clear  at  this  moment; 
however,  it  may  increase  the  conductivity  of  the  samples  if 
they  are  introduced  in  the  skeleton  of  the  birnessite  layer.  On 
the  other  hand,  Torardi  indicated  that  the  characteristic  mor¬ 
phology  of  vanadium  xerogel  similar  to  that  observed  in  this 
study  was  favorable  for  the  lithium  transport  and  this  lead  the 
increase  of  utilization  of  active  material  [18].  These  facts  sug¬ 
gest  that  morphology  and  structural  effects  would  be  mainly 
responsible  for  the  large  discharge  capacity  of  birnessite  con¬ 
taining  a  small  amount  of  vanadium  obtained  in  this  study.  In 
addition  to  these,  the  irregular  layer-to-layer  registry  of  bir¬ 
nessite  prepared  from  exfoliated  Mn02  nanosheets  has  been 
suggested  to  improve  cyclability  because  of  a  high-energy 
barrier  against  phase  conversion  toward  spinel  structure  [9] . 
The  irregular  stacking  of  manganese  oxide  layers  would  be 
responsible  for  the  relatively  good  cycling  behavior  of  the 
present  samples. 

The  discharge  curves  of  manganese  oxides  with  various 
nominal  Mn/V  ratios  were  similar  to  that  of  the  sample  with 
Mn/V=l,  showing  a  considerable  capacity  around  2.7  V. 
The  discharge  capacity  of  the  samples  prepared  with  various 
Mn/V  ratios  as  a  function  of  nominal  Mn/V  ratio  is  shown 
in  Fig.  6.  The  discharge  capacity  increased  until  the  Mn/V 
ratio  became  unity  and  then  decreased.  As  shown  in  Fig.  1 
and  Table  1,  various  parameters  such  as  structure,  compo¬ 
sition  and  properties  of  the  samples  which  might  affect  the 
charge-discharge  property  changed  in  a  complicated  manner; 
therefore,  it  is  very  difficult  to  know  the  reason  why  the  sam¬ 
ple  with  Mn/V  =  1  showed  the  maximum  discharge  capacity. 


However,  it  appears  that  the  sample  with  layered  structure 
and  lower  water  content  and  appropriate  vanadium  content 
would  be  favorable. 
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